We report on a 300-W-level picosecond laser based on a cryogenically-cooled Yb:YAG amplifier seeded by a fiber CPA system. High-average-power picosecond second harmonic generation is also presented. 
Introduction
Recently, high-power picosecond lasers have become of interest as a pump source for optical parametric chirped pulse amplification (OPCPA) [1] due to several distinctive advantages over chirped-pulse amplification (CPA). However, high-quality OPCPA pump sources are needed because parametric amplification with high efficiency and good beam quality occurs only with a good spatio-temporal overlap between the pump and seed beams. The development of a high-average-power picosecond pump source that can be synchronized with seed beams of either high or low repetition rate is one of the most important challenges for future OPCPA technologies and their applications. Besides the OPCPA applications, the high-power picosecond lasers can be widely used for nonlinear frequency conversion to any desired wavelength range.
Over the past several years, high-power high-repetition-rate picosecond laser technologies have been developed both on the basis of fiber and bulk amplifiers. Using fiber amplifiers, 10-ps pulses at 47 MHz to 97 W and 20-ps pulses at 1 GHz to 321 W have been demonstrated [2, 3] . In the latter case, however, for >100-W average power the pulses showed spectral broadening due to self-phase modulation (SPM). Using bulk amplifiers, several solid-state picosecond laser systems, based on Nd:YAG, thin-disk Yb:YAG, and Nd:YVO 4 , with average powers of up to 111 W have been demonstrated [4] . Bulk amplifiers have advantages in terms of peak-and average-power scaling and polarization maintenance compared with fiber amplifiers due to the large cross-section, high doping-rate, and short length of gain materials. Recently, a cryogenically-cooled Yb:YAG laser has proven to be a good candidate for average-power scaling because of its good thermo-optic properties, small quantum defect, and low saturation fluence. At cryogenic temperatures, Yb:YAG has an emission bandwidth of 1.5 nm, suitable for picosecond-pulse amplification. A high-power cw Yb:YAG laser with output power up to >450 W [5] and a picosecond amplifier at tens of kHz with 24 W [6] have been demonstrated.
In this paper, we report on the direct amplification of 5.5-ps pulses with a cryogenically-cooled Yb:YAG amplifier at a repetition rate of 78 MHz with 287 W of average output power [7] . As a picosecond seed source for the Yb:YAG amplifier, a 7.1-W picosecond fiber CPA system based on chirped volume Bragg gratings (CVBGs) was developed. The high-average-power picosecond second harmonic generation (SHG) using a LBO crystal also will be presented. This IR or green picosecond laser source is suitable for pumping high-average-power OPCPA systems.
Experimental setup and results
The optical layout of the fiber CPA chain and the high-power cryogenically-cooled Yb:YAG amplifier is illustrated in Fig. 1 . We used a femtosecond Yb-doped fiber laser as a master oscillator at 78 MHz. The use of a femtosecond laser as a seed source for a picosecond amplifier allows wavelength matching to various 1-µm amplifier media, such as Ti:sapphire, for OPCPA. The narrow 1029-nm portion was selectively amplified in the fiber CPA chain because several watts of seed power within 1.5-nm spectral bandwidth are necessary for efficient amplification in the Yb:YAG amplifier. The two-stage Yb-doped fiber amplifier shown in Fig. 1(a) is comprised of a single-mode preamplifier and a 10-W polarization-maintaining amplifier. Direct amplification of the seed pulses after simple spectral filtering leads to strong SPM and limited the amplification to ~0.3 W. To boost the average power without SPM, we employed a CPA technique based on CVBGs that enables the stretching of a narrowband ps pulse to >100 ps and re-compression to the original pulse duration at high efficiency. The >100-ps pulse stretched from a CVBG in Fig. 1(a) was amplified to 10.5 W from the two-stage fiber amplifier chain. The output pulses were compressed to 5 ps with a bandwidth of 0.4 nm. The amplified spectrum is free of SPM-induced spectral broadening down to -50 dB, only limited by the measurement. The compressed power was 7.1 W at maximum output power from the amplifier with a compression efficiency of 68%. This fiber CPA system generated narrow-bandwidth ps pulses with enough average power and good beam quality to seed the cryogenic Yb:YAG amplifier. The amplified picosecond pulse train was delivered to the cryogenically-cooled two-pass Yb:YAG amplifier pumped by 700 W of power from two fiber-coupled laser diodes, as illustrated in Fig. 1(b) . The 940-nm pump beams, delivered by two 0.4-mm-diameter multimode fibers, are focused at each crystal to a diameter of ~1.6 mm. Two 23-mm-long Yb:YAG crystals have a doping concentration of 2-at.%, and their surfaces are anti-reflection coated and have a normal-incidence cut with a 1-mm undoped YAG endcap on each side of the pump beam entrance. The pump beams are focused to the crystals through the dichroic mirrors while the crystals are cooled by liquid nitrogen. The double-pass geometry was implemented using two thin-film polarizers and a quarter waveplate. The seed-beam diameter was adjusted to <1.5 mm at the crystal for both passes using a lens (L3) and a concave mirror (CM) located at a confocal position to L3 in Fig. 1(b) . We obtained an average output power as high as 287 W with 700 W of pump power, corresponding to an optical-to-optical efficiency of 41%. The calculated output power versus pump power, assuming a Gaussian beam profile and taking into account temperature effects and loss due to amplified spontaneous emission, shows good agreement to the measured output power. The amplified spectrum with a bandwidth of 0.3 nm did not show any indication of SPM. The amplified pulse duration was 5.5 ps (FWHM) from the autocorrelation trace, which is 1.4 times the transform-limited pulse duration of 4.0 ps. Considering the estimated B-integral value of only 5.1x10 -3 rad at the Yb:YAG crystals, the average power can be scaled to >10 kW without SPM. Spatial measurements showed a good near-field profile in the horizontal and vertical directions. The far-field image reveals an elliptical focused spot due to the spatial chirp induced by the CVBG, resulting in the M 2 value in the horizontal direction as high as 2.75. The M 2 value in the vertical direction was only 1.15. (a)
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The second harmonic generation experiment is in progress to obtain >100-W picosecond green pulses. A calculation shows that >80% conversion efficiency can be obtained using an 8-mm-long type I LBO crystal with a focal diameter of ~0.1 mm, assuming perfect phase matching. Both critical and noncritical phase matching schemes are being studied for the efficient generation of 515-nm pulses with an excellent spatial beam quality.
